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Abstract
We analyze the prospects of observing the light CP-even neutral Higgs bosons (h1) in
their decays into bb¯ quarks, in the neutral and charged current production processes eh1q
and νh1q at the upcoming LHeC, with
√
s ≈ 1.296 TeV. Assuming that the intermediate
Higgs boson (h2) is Standard Model (SM)-like, we study the Higgs production within the
framework of NMSSM. We consider the constraints from Dark-matter, Sparticle masses,
and the Higgs boson data. The signal in our analysis can be classified as three jets,
with electron (missing energy)coming from the neutral (charged) current interaction. We
demand that the number of b-tagged jets in the central rapidity region be greater or equal
to two. The remaining jet is tagged in the forward regions. With this forward jet and two
b-tagged jets in the central region, we reconstructed three jets invariant masses. Applying
some lower limits on these invariant masses turns out to be an essential criterion to enhance
the signal–to–background rates, with slightly different sets of kinematical selections in the
two different channels. We consider almost all reducible and irreducible SM background
processes. We find that the non-SM like Higgs boson, h1, would be accessible in some of
the NMSSM benchmark points, at approximately 0.4σ (2.5σ) level in the e+3j channel
up to Higgs boson masses of 75 GeV and in the E/T+3j channel could be discovered with
1.7σ (2.4σ) level up to Higgs boson masses of 88 GeV with 100 fb−1 of data in a simple
cut-based (with optimization) selection. With ten times more data accumulation at the
end of the LHeC run and using optimization, one can have 5σ discovery in the electron
(missing energy) channel up to 85 (more than 90) GeV.
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1 Introduction
It is expected since long that the mechanism that triggers the electroweak symmetry breaking
(EWSB) and generates the fundamental particle masses will involve at least two experimental
parts. The first one is the search and the observation of a spin-zero Higgs particle that will
confirm the scenario of the minimal SM (which has one Higgs isospin doublet) of Glashow-
Weinberg-Salam and most of its extensions. This confirms a spontaneous symmetry breaking
by a scalar field that develops a non-zero vacuum expectation value (vev). This part has
recently been closed by the ATLAS and CMS experiments [1, 2] at Large Hadron Collider
(LHC) with the spectacular observation of a new boson with present central mass value around
125.09±0.21±0.11 GeV. The width, and the couplings to all SM particles and the CP-quantum
numbers are also known. All this seems consistent with the symmetry breaking mechanism in
the SM and opens up the second part: are there any other scalars from beyond the SM model,
which would participate in the symmetry breaking ? This second part is mandatory in order
to establish the exact nature of the electroweak symmetry breaking (EWSB) mechanism and,
eventually, identify the effects of new physics beyond the SM.
The original idea of having scalars in the model is, of course, the spontaneous breaking of
the electroweak gauge group. A detailed overview has been given in [3] and in particular the
non-standard way of the EWSB in [4]. However, scenarios where the scalar do not participate
in the EWSB do exist (see for instance, neutrino models where the vevs of singlet scalars breaks
spontaneously the lepton number [5]).
Also worth mentioning are the higher dimensional theories, based on the Standard Model
gauge group [6] where the electroweak constraints can be consistent with experimental results,
even without Higgs boson. In this kind of models, the electroweak symmetry is broken by the
boundary conditions and the choices of compactification scales lead to the masses of the gauge
bosons.
The available theoretical models at our disposal are many: generic two Higgs doublet Model
(2HDM) [7, 8] and various flavor violating Yukawa-textured models [9], Minimal Supersym-
metric Standard Model (MSSM)[10], non-minimal realization of supersymmetric models, and
models with additional singlets, the Next-to-Minimal Supersymmetric SM (NMSSM), doublets
and/or triplets [11, 12, 13, 14, 15] and non-minimal NMSSM type of models, e.g., in [46], [47].
Hence, one of the most important tasks for experimentalists and theorists is to find ways to
either exclude or confirm aspects of these models which may have varieties of signatures for
the different Higgs production and decay channels at the present and the upcoming collider
experiments.
From the perspective of model building, the NMSSM [11, 12, 13, 14, 15] is ideally suited
to search for new physics as its gauge group is the same as in the SM and thus it can easily
accommodate the SM-like discovery without any unnatural fine-tuning of its parameters. Al-
though the MSSM contains less free parameters than the NMSSM, the SM Higgs boson type
signal can also be easily accommodated in the latter model whereas some amount of fine tuning
is necessary for the MSSM. Some variants of the NMSSM models also have nice features of the
Higgs sector. Worth mentioning is the model with a slightly broken PQ-symmetry [16] and the
so-called λ-NMSSM [17].
It is worth pointing out that in the NMSSM the upper limit of the lightest SM-like Higgs
boson mass is lifted up to 155 GeV (as compared to 139 GeV in the MSSM). Secondly, the
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problem with the absence of Sparticle signals may easily be explained by different Supersymme-
try (SUSY) cascade decays occurring in the NMSSM, owing to an additional singlino entering
as the last step and thereby inducing topologies to which present SUSY searches are less sen-
sible. Furthermore, as is well known, the MSSM suffers from the so-called µ-problem, i.e., the
Higgs(ino) mass term entering the soft SUSY Lagrangian ought to be manually set at the EW
scale in order to achieve EWSB, while SUSY itself would require it to be at the Planck scale
(or else be zero, in virtue of some postulable additional symmetry) [18, 19]. This is elegantly
remedied in the NMSSM, since herein the aforementioned soft term is replaced by the vev of an
additional Higgs singlet state, which appears naturally at the EW scale. In turn, this implies
that the Higgs sector of the NMSSM is very rich. In fact, while only one Higgs boson exists in
the SM and five Higgs bosons in the MSSM, there are seven such states in the NMSSM: three
CP-even Higgses h1,2,3 (mh1 < mh2 < mh3), two CP-odd Higgses a1,2 (ma1 < ma2) and two
charged Higgses h±.
As the SM is embedded within any two–Higgs doublet model, the recently discovered SM-
Higgs boson can be part of the spectrum. Generically, this SM-type Higgs is either the lightest
CP-even neutral one or the second-lightest one. Light as well as heavy Higgs boson phenomenol-
ogy within the MSSM has been studied extensively in [20]. Having many free parameters in
NMSSM, the masses of the Higgs bosons vary in a wide range so that their decay branching
ratios in various modes can also vary widely. The Higgs boson masses together with their cou-
plings to gauge boson and/or fermions are most important to identify the viable modes to look
for the Higgs boson in any collider experiment. From the theoretical perspective, the two-loop
corrected Higgs boson masses and couplings to quarks and gauge bosons within NMSSM have
been carried out in [21, 22].
The NMSSM Higgs boson phenomenology at high energy colliders has been studied over a
decade [23, 24, 25, 26, 27, 28, 29, 30] and direct experimental searches are reported in [31].
From the upcoming experiment perspective, the LHeC facility [32] is expected to be oper-
ational at CERN around 2020. It will be a Deep Inelastic Scattering (DIS) experiment at the
TeV scale, with the center-of-mass energy of around 1.3 TeV. In comparison, another recently
closed (in 2007) DIS experiment (the Hadron-Electron Ring Accelerator (HERA) [33] at DESY
had a center-of-mass energy of around 320 GeV with an integrated luminosity of around 0.5
fb−1). The LHeC might deliver data samples of approximately 100 fb−1 and at the end of full
data accumulation with 1000 fb−1 (with a higher detector coverage). Taking into considerations
all kinematical and detector aspect details, the overall kinematic range (in x and Q2) at LHeC
is 20 times larger than the HERA experiment. Other than the in-depth studies of QCD, the
LHeC also has an enormous scope to probe electroweak and Higgs boson physics [34, 35, 36].
One of the nicest features of almost all SUSY models, is that the neutral lightest Sparticle
state is naturally the dark matter candidate [37, 38]. Within the standard cosmological scenario,
we assumed that the dark matter candidate is the lightest neutralino, χ˜01 with the correct
abundance of relic density consistent with recent Planck measurement [39]. We refer to [40,
41] where the dark matter phenomenology within NMSSM has been studied. Some variant
models are discussed in [42] and a discussion on low mass weakly interacting massive particle
(WIMP) searches consistent with the Higgs boson data at LHC has been studied recently in
[43]. Sparticle co-annihilation consistent with the dark matter relic-density and related SUSY
phenomenology in the electroweak gaugino sector are discussed in [44, 45].
To the best of our knowledge no study has been done to find non-SM type Higgs boson
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signals within the NMSSM at the LHeC. In our analysis, we assumed the second intermediate
Higgs boson is the SM-type (h2-SM scenario). This, of course, refers to the mass, coupling
ratios and signal-strength from the recent LHC results. The lightest non-SM Higgs boson,
h1, offers itself to be looked for at the upcoming LHeC. We identify two main production
processes, namely the neutral current one ep → eh1q and the charged current one ep → νh1q.
We are particularly motivated by the possible branching ratio enhancement in the b-quark
decay mode, i.e., h1 → bb¯. Finally the reconstructed invariant mass of the two b-tagged jets
ensures the evidence of the non-SM like Higgs boson.
The plan of this paper is as follows. In the next section we will describe briefly the NMSSM
model. In Sec.2, we will randomly vary the NMSSM model parameters and identify the allowed
parameter space consistent with most up-to-date theoretical, phenomenological and experimen-
tal constraints. For the allowed model space, we then estimate the number of non-SM type
Higgs boson signal events, ep → eh1q and ep → νh1q with the decay channel h1 → bb¯ and
identify few high event–rated benchmark points to carry out the phenomenological analysis in
Sec.3. In doing so, we estimate all the reducible and irreducible SM backgrounds for both of the
signal channels under considerations. In Sec.4, we carry out a simple cut-based optimization
to isolate the Higgs boson signals in both the channels. We summarize our findings in Sec.5.
2 The NMSSM models
The NMSSM model has been described in many reviews [11, 12, 13, 14, 15]. However, for
completeness let us mention the part relevant for our analysis (we will follow [15]).
The general NMSSM contains the MSSM superfields with most general renormalizable cou-
plings as in the MSSM superpotential. There is, however, one additional gauge singlet chiral
superfield Ŝ.
The Higgs superpotential WHiggs reads
WHiggs = (µ+ λŜ) Ĥu · Ĥd + ξF Ŝ + 1
2
µ′Ŝ2 +
κ
3
Ŝ3 (1)
where λ, κ are dimensionless Yukawa couplings. The bi-linear µ, µ′ terms are the supersym-
metric mass terms, and ξF with mass-dimension two is the supersymmetric tadpole term.
Assuming R-parity and CP-conservation (scenarios without these requirements have been
studied in [48] and [22]) the corresponding soft supersymmetry breaking terms, Lsoft are the
following:
−Lsoft = m2Hu |Hu|2 +m2Hd |Hd|2 +m2S|S|2 +m2Q|Q2|+m2U |U2R|
+m2D|D2R|+m2L|L2|+m2E |E2R|
+(huAu Q ·Hu U cR − hdAd Q ·Hd DcR − heAe L ·Hd EcR
+λAλHu ·Hd S + 1
3
κAκ S
3 +m23Hu ·Hd +
1
2
m′2S S
2 + ξS S + h.c.) , (2)
where all the parameters have the standard meanings.
The dimensionful supersymmetric parameters µ, µ′ and ξF ((with mass dimension two) in
the superpotential and the associated soft SUSY breaking parameters m23, m
′2
S and ξS (with
mass dimension three) have to be of the order of the weak or SUSY breaking scale.
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In general, these terms are non-vanishing, however a simplified version requiring scale in-
variance leads to µ = µ′ = ξF = 0 and the superpotential takes the simple form
Wscale−invariant = λŜ Ĥu · Ĥd + κ
3
Ŝ3 (3)
together with the parameters m23, m
′2
S and ξS in (2) also set to zero. An effective µ-term of the
order of weak scale is generated from the vev s of Ŝ:
µeff = λs , (4)
From the supersymmetric gauge interactions, the F -term and the soft supersymmetry break-
ing terms one can obtain the Higgs potential:
VHiggs =
∣∣λ (H+u H−d −H0uH0d)+ κS2 + µ′S + ξF ∣∣2
+
(
m2Hu + |µ+ λS|2
) (∣∣H0u∣∣2 + ∣∣H+u ∣∣2)+ (m2Hd + |µ+ λS|2) (∣∣H0d ∣∣2 + ∣∣H−d ∣∣2)
+
g21 + g
2
2
8
(∣∣H0u∣∣2 + ∣∣H+u ∣∣2 − ∣∣H0d ∣∣2 − ∣∣H−d ∣∣2)2 + g222
∣∣H+u H0∗d +H0uH−∗d ∣∣2
+m2S|S|2 +
(
λAλ
(
H+u H
−
d −H0uH0d
)
S +
1
3
κAκ S
3 +m23
(
H+u H
−
d −H0uH0d
)
+
1
2
m′2S S
2 + ξS S + h.c.
)
(5)
where g1 and g2 are U(1)Y and SU(2) gauge couplings, respectively.
The physical neutral Higgs fields (with index R for the CP-even, index I for the CP-odd
states) are obtained by expanding the full scalar potential (5) around the real neutral vevs vu,
vd and s:
H0u = vu +
HuR + iHuI√
2
, H0d = vd +
HdR + iHdI√
2
, S = s+
SR + iSI√
2
; (6)
where the vevs have to be obtained from the minima of
VHiggs =
(−λvuvd + κs2 + µ′s+ ξF)2 + g21 + g22
8
(
v2u − v2d
)2
+
(
m2Hu + (µ+ λs)
2) v2u + (m2Hd + (µ+ λs)2) v2d
+m2S s
2 − 2λAλ vuvds+ 2
3
κAκ s
3 − 2m23 vuvd +m′2S s2 + 2ξS s , (7)
The minimization of (7) with respect the the three vevs and the proper electroweak sym-
metry breaking (generating the correct Z-boson mass) leads to the following input parameters:
λ, κ, Aλ, Aκ, tan β, µeff , (8)
to which one has to add the (in the convention µ = 0) five parameters of the NMSSM
m23, µ
′, m′2S , ξF and ξS . (9)
The tree level Higgs mass matrices are obtained by expanding the full scalar potential (5)
around the real neutral vevs vu, vd and s as in (6). The elements of the 3 × 3 CP-even mass
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Parameters Min Max
λ 0.001 0.7
κ 0.001 0.7
Aλ 100.0 2500.0
Aκ -2500.0 100.0
tan β 1.5 60.0
µeff 100.0 500.0
M1 50.0 400.0
M2 50.0 500.0
mq˜L 300.0 1500.0
At=Ab -4000.0 1000.0
MA 100.0 500.0
MP 100.0 3000.0
Table 1: The minimum and maximum values of varied NMSSM parameters. The following
parameters remain fixed: M3 = 1800.0 GeV (this allows the gluino mass mg˜ to be above the
mass limits from recent LHC-run2); mℓ˜ = 300.0 GeV (for all three generation as well as left and
right state) and Aτ=Ae=Aµ = 1500.0 GeV. Here MA (MP ) is the Doublet(Singlet) component
of the CP-odd Higgs mass matrices.
matrix M2S are conveniently written in the basis (HdR, HuR, SR) after the elimination of m2Hd ,
m2Hu and m
2
S.
The basis for the elements of the 3×3 CP-odd mass matrixM′2P are (HdI , HuI , SI). Dropping
the Goldstone mode, in the remaining 2 × 2 CP-odd mass matrices one can use the doublet
(MA) and singlet component (MP ) mass parameters as inputs together with the µeff .
Our model under consideration is not the Z3 invariant NMSSM, but rather a general phe-
nomenological NMSSM. However, by setting: m23 = m
′2
S = ξS = µ = µ
′ = ξF = 0 in the general
phenomenological NMSSM, one recovers the Z3 invariant NMSSM.
3 The NMSSM parameter spaces
We used the package NMSSMTools 5.0.1 [49] to obtain the Sparticle spectrum, decay branching
ratios and various low energy observables.
We randomly scanned approximately 106 points. The varied parameters and their ranges
are 3 tabulated in Table 1.
For each randomly generated parameter spaces, we invoke the following constraints:
Perturbative bounds: We first imposed, λ2+κ2 <∼ (0.7)2 [52] and if not satisfied we discard
the parameter space and generate the next random model space.
Dark Matter relic density: We required that the lightest neutralino relic density will be:
0.107 < Ωχ˜0
1
h2 < 0.131, consistent with the Planck measurement [39] within standard
cosmology. The estimated relic density (Ωχ˜0
1
h2) as a function of the mχ˜0
1
has been shown
in the left panel of Fig.1 with constraining only the upper limits, i.e., Ωχ˜0
1
h2 < 0.131. The
green-marked points within the upper and lower strips are consistent with the direct–
detection and indirect–detection bounds (in the legends termed as: “All-DM”).
The NMSSMTools 5.0.1 is interfaced with micrOMEGAs v4.3 [50, 51] to estimate the
observed dark matter relic density, their direct detection, and indirect detection limits. It
3All the masses and mass parameters in our analysis are in GeV.
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Figure 1: Left-panel: The Dark matter relic density (Ωχ˜0
1
h2) as a function of lightest neutralino
masses(mχ˜0
1
) within the standard cosmology. The two lines represent the upper (Ωχ˜0
1
h2=0.131)
and lower (Ωχ˜0
1
h2=0.107) bounds from the Planck measurements [39]. The first deep around
45 GeV is due to the Z-boson exchange (annihilation diagram) and the second around 63 GeV,
from the Higgs-boson (h2-SM) exchange annihilation within the NMSSM parameter spaces.
The green point within the strips satisfy the direct and indirect Dark Matter searches results
and termed as “All-DM”. Right-panel: we only show the relic-density allowed parameter space
together with various other constraints (in the legends), see the text for details.
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Figure 2: Left-panel: The Singlet component (N15) of the lightest neutralino (χ˜
0
1) consistent
with the dark matter relic density (Ωχ˜0
1
h2) and various other constraints (see text for details).
Right-panel: The masses of the Higgs boson masses, h1, h2, h3, a2 and h
± (“Hpm”) as a
function of the lightest CP-odd Higgs bosons masses (ma1). The mass of the a2 is shown up to
1600.0 GeV, extends, however, even beyond this point in this allowed NMSSM model parameter
spaces.
is to be noted that the standard and non-standard cosmological implication in the dark
matter relic density has been analyzed within the NMSSM in [27, 40, 41].
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Figure 3: Left-panel: The Higgs boson masses, h1, h2, and h
± as a function of the lightest
CP-odd Higgs bosons mass (ma1) for h2-SM scenario and consistent with all other constraints
(see details in the text). In the right panel, we show the branching ratio of the h1 in different
channels and it is clear that in large region of allowed parameter space the branching ratio of
h1 → bb¯ is above 90%.
Parameters Min Max Parameters Min Max
κW 0.81 0.99 µ
ττ
V BF 0.50 2.10
κt 0.99 1.89 µττggF -0.20 2.20
|κγ | 0.72 1.10 µbbV H 0.00 2.00
|κg| 0.61 1.07 µbbttH -0.90 3.10
|κτ | 0.65 1.11 µWWVBF 0.40 2.00
|κb| 0.25 0.89 µ
ZZ
ggF 0.51 1.81
Br(hSM → inv.) 0.25 µ
γγ
V BF 0.30 2.30
µγγggF 0.66 1.56
Table 2: The couplings (κ) and signal strength (µ) have been allowed within 2σ ranges (except
κW ) from the combined ATLAS and CMS measurements [54], following Table 17 (upper panel)
and Table 8 respectively.
Higgs bounds: We demand that the intermediate Higgs boson(h2) should be SM-like and
its mass should be within the range of 125.09 GeV < mh2 < 128.09 GeV (taken into
consideration the 3 GeV error in theoretical estimates). Its coupling ratios to other SM
particles should also be consistent with the LHC-run1 ATLAS and CMS combined study
[53, 54]. The allowed coupling ratios and the signal strengths considered in our analysis
has been tabulated in Table 2. We have also taken the constraint on the invisible
branching ratio: BR(hSM → invisible) <∼ 0.25 [55, 56] 4. Furthermore, we required
mh± > 80.0 GeV.
LEP bounds: Direct SUSY searches at the LEP have set bounds on superpartners, in par-
ticular the lighter chargino should satisfy mχ˜±
1
> 103.5 GeV. The other one refers to the
Z invisible width and should satisfy ΓinvZ < 2 MeV at 95% C.L. [58]. When the decay
channel into χ˜01χ˜
0
1 opens, this width may exceed the experimental value
5.
4The SM-like Higgs boson invisible decay within the NMSSM has been studied recently in [57].
5A light Higgs would significantly affect the muon anomalous magnetic moment aµ = (gµ−2)/2, whose most
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B physics bounds: The rare decays of B meson, such as Bs → µ+µ−, B+ → τ+ν, and
Bs → Xsγ lead to the flavor constraints. In our analysis, we set the recent experimental
results at 95% C.L.: 1.7 × 10−9 < BR(Bs → µ+µ−) < 4.5 × 10−9 [60], 0.85 × 10−4 <
BR(B+ → τ+ν) < 2.89×10−4 [61], and 2.99×10−4 < BR(Bs → Xsγ) < 3.87×10−4 [60].
Sparticle masses: We have set the following lower bounds from the superparticle masses
following [62]: mg˜ >∼ 1600.0 GeV, mt˜1 >∼ 95.0 GeV, mb˜1 >∼ 325.0 GeV, mq˜L >∼ 600.0
GeV, mℓ˜L
>∼ 100.0 GeV, m˜νL >∼ 90.0 GeV and mτ˜1 >∼ 87.0 GeV.
If the randomly generated NMSSM model space satisfy all the above constraints, we consider
them for further phenomenological studies. In the left-panel of Fig.1, we calculated Ωχ˜0
1
h2 using
the micrOMEGAs as a function the mass of the cold-dark matter candidate (mχ˜0
1
). All the points
satisfy the upper bounds coming from the recent Planck measurements [39] and the upper and
lower bounds are 0.131 and 0.107, respectively referring to the standard cosmological scenario.
Within this strips, the green point satisfy the direct and indirect Dark Matter searches which we
term as “All-DM” . The lightest neutralino annihilation would occur via the Z-boson exchange
diagram – this shows a dip around the MZ/2, i.e, 45 GeV. This annihilation rate would get
enhanced via the SM-Higgs boson (h2) exchange diagram and this leads to another dip around
mh2/2, i.e., 63 GeV.
In the right panel of Fig.1, we invoke other constraints discussed above. If the constraints
on the Sparticles masses and B-physics and other phenomenological limits are satisfied, we
indicated it by “Pheno”; and if h2-SM type scenario is satisfied, we indicate it by “h2-SM”.
All the constraints are imposed cumulatively. Finally, the h2-SM model is interesting per se to
look for as it is an unusual scenario.
In the left-panel of Fig.2, we displayed the singlino component of the lightest neutralino,
i.e., N15 as a function of mχ˜0
1
with all the constraints mentioned in the legend. This shows that
lightest neutralino with mχ˜0
1
>∼ 80 GeV are more favorable with the h2-SM type scenario. It
can be seen that the singlino domination would occur mostly between 25 GeV and 250 GeV,
while non-singlino type χ˜01 would also be possible (would go up to 1%) but the mass ranges are
rather squeezed ranging between 100 – 250 GeV.
In the right-panel of Fig.2, we showed the masses of all the Higgs bosons satisfying all
constraints. It turns out that the heavy CP-odd Higgs boson mass (we showed it up to 1600.0
GeV) is quite heavy, as it mainly depends upon the values of MP .
In the left-panel of Fig.3 we showed all the Higgs boson masses as a function of ma1 .
However, in comparison to the right-panel of Fig.2 here we additionally imposed the “All-DM”,
“Pheno” and “h2-SM” criterion. This particular parameter spaces are of our phenomenological
interest. In the right-panel of Fig.3, we show the decay branching ratios of the non-SM type
h1 in the light flavor quark mode: h1 → gg + cc¯ + ss¯, tau-lepton: h1 → τ τ¯ , b-quark: h1 → bb¯
and the much suppressed two-photon decay: h1 → γγ.
For all these points we estimated the event rates for the two signal processes under consid-
eration. We will describe the details in the following section.
accurate measurement comes from the E821 experiment [59]. Having the large theoretical uncertainties with
the measurements, we have not consider this constraints in our numerical scan and subsequent analysis.
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4 Numerical Analysis
In our analysis we consider the h2-SM scenario following Fig. 3, such that the non-SM like h1
is light enough to have some appreciable production rates at LHeC.
In this section, we first describe the main two different production mechanism of Higgs
bosons at the LHeC collider. These are the neutral and charged current production, which lead
to the e +3j and E/T +3j signals, respectively. As a result we will have two different sets of SM
backgrounds which we will address in the subsequent section.
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Figure 4: The coupling ghWW (for h = h1 and h2) is shown as a function of the Higgs boson
mass. The top right corner (with populated green points) shows the masses of the h2 and the
corresponding coupling constraints (that we imposed following Table 2) from the recent LHC
measurements.
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Figure 6: The cross-section multiplied with the Higgs branching ratios in units of [fb] in
the e+e− LEP collider with center of mass energy 209 GeV, for the σ(e+e− → e+h1e−) and
σ(e+e− → νeh1ν¯e) in the left and right panel respectively.
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Figure 7: Left-panel: The cross-section with Higgs branching ratios in units of [fb] at the Teva-
tron (σ(pp¯→ jh1j)) with center of mass energy 1.96 TeV. Right-panel: σ(pp→ jh1j) at LHC
collider with center of mass energy 14TeV, where j=u,d,c,s,b,g and their charge-conjugation.
4.1 Higgs bosons signals
In our analysis, we consider the leading production processes via the neutral current as well
as charged current. As we consider an ep-collison, the neutral (charged) current gives charged
(neutral) lepton, electron (neutrino) in the final states. Generally, the charged current produc-
tion cross-sections are larger than the neutral currents as shown in Fig.5 which is mainly due
to the isospin couplings. The production processes of the Higgs bosons are : eh1q and νeh1q,
6
where q (or its charge conjugated version) is the light parton, i.e., u, d, s, c or g.
6Please recall that we are working in the h2-SM scenario. This is to say that the second CP-even Higgs
boson is the SM-type consistent with all the couplings and observables and in particular compatible with the
recent Higgs discovery at the LHC experiments.
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The Higgs boson production in our analysis is mainly dominated by the t-channel vector-
boson fusion (VBF) processes.
The couplings (the neutral and charged gauge-boson fusion vertex) relevant at LHeC are
the following:
gh1ZZ =
g1
2 + g2
2
√
2
(vdS11 + vuS12) , gh1WW =
g2
2
√
2
(vdS11 + vuS12) (10)
Here S11 and S12 are the mixing parameters in the singlet–doublet Higgs mixing matrices.
The vu and vd are the up-type and down-type Higgs doublet vevs and g1 and g2 are the U(1)Y
and SU(2)L gauge couplings. We have plotted the allowed couplings, gh1WW , (using red color
plus points) complying all the constraints discussed earlier in Fig.4 (see the caption for details).
The green points in the top right corner are for gh2WW and the masses and the corresponding
coupling values consistent with the coupling ratios for the h2-SM scenario, following Table 2.
It is to be noted that the same couplings given in Eq.10 are also responsible for the Higgs
boson production (t-channel VBF) at the LEP and Hadron colliders. We would like to estimate
the event rates for this kind of signal at the large electron positron (LEP) colliders and also at
the hadron colliders, like the recently closed Tevatron and presently operating LHC.
We find that the exact signal hard–processes at LHeC under considerations are not possible
at LEP, Tevatron and LHC. However, we estimated the closest processes that we could have in
these three colliders. At these colliders, we have estimated the event rates (in fb) with inclusion
of Higgs branching ratios at the e+e− LEP collider with center of mass energy 209 GeV, for the
σ(e+e− → e+h1e−) and σ(e+e− → νeh1ν¯e) processes in Fig.6 in the left-panel and right-panel
respectively.
In hadron colliders the most closet process is σ(pp, pp¯→ jh1j), with j=u, d, c, s, b, g and their
charge-conjugation. The estimated event rates (in fb) at Tevatron and LHC with center of mass
energy 1.96 TeV and 14 TeV, is shown in Fig.7, in the left-panel and right-panel respectively.
The LHC collider is presently operating and the number of events rates are substantial. In spite
of the huge SM backgrounds contamination, it would be worth to look for this non-standard
Higgs signal in this ongoing machine.
We see from the right-panel of Fig.3 that h1 is dominantly decaying into bb¯. So our signals
in both channels contain three jets (one is forward light flavored and two central b-tagged) and
an electron (missing transverse energy) in case of neutral (charged) current.
We estimated the parton level signal cross sections using the MadGraph v 2.4.3 [63]. The
allowed NMSSM model parameter spaces from the NMSSMTools 5.0.1 [49] are written in SLHA
format and fed to MadGraph v 2.4.3 [63]. The Branching ratios (BRs) of the Higgs boson in
all the decay modes is estimated by using NMHDECAY [49].
To obtain the cross sections at the LHeC [32, 64, 65, 66, 67], we consider an electron beam,
of energy Ee−= 60 GeV and a proton beam of energy Ep= 7000 GeV, corresponding to a
center-of-mass energy of approximately
√
s = 1.296 TeV.
To estimate the signal event rates at parton level we applied the following basic pre-
selections:
pq,eT > 10 GeV, η
q,e < 5.0 ∆R(qq, qe) > 0.2 (11)
with ∆R2 = ∆η2 + ∆φ2, where η and φ are the pseudo-rapidity and azimuthal angle, respec-
tively. We take mt=173.3 GeV as the top-quark pole mass.
11
Benchmark Points e1 e2 e3 e4 e5 ν1 ν2 ν3 ν4=e5 ν5
λ 0.241 0.168 0.171 0.237 0.384 0.208 0.263 0.296 0.384 0.498
κ 0.371 0.0567 0.0324 0.0384 0.0152 0.0577 0.143 0.147 0.0152 0.291
tanβ 56.71 48.62 56.32 56.27 4.41 3.81 4.95 5.15 4.41 6.18
Aλ(GeV) 974.0 1007.8 1230.8 964.1 1222.4 1130.3 1105.8 1078.3 1222.4 1107.8
Aκ(GeV) -1139.2 -1105.6 -1214.2 -1108.3 -1062.3 -1230.3 -835.9 -803.6 -1062.3 -1732.7
µeff 466.4 272.9 297.2 454.6 381.1 392.6 374.5 342.7 381.1 193.8
M1 (GeV) 274.6 347.5 241.7 272.5 335.3 173.3 146.5 172.7 335.3 112.1
M2 (GeV) 293.4 482.3 462.5 277.5 352.3 283.9 257.3 495.3 352.3 430.7
Mq˜ 1010.4 941.9 700.6 1036.6 734.0 807.1 812.9 772.5 734.0 762.0
At = Ab (GeV) -2661.8 -1695.4 -1735.6 -2679.4 -1585.1 -1946.3 -1883.7 -1676.3 -1585.1 -1894.7
MA (GeV) 316.9 282.2 239.8 319.9 125.6 102.9 106.9 131.7 125.6 134.5
MP (GeV) 2015.5 1650.2 1995.9 2019.2 2396.3 1660.2 2429.6 1474.9 2396.3 1858.8
ξF (10
6GeV 2) -2.01 -1.77 -2.23 -1.98 -1.21 -2.32 -1.85 -1.43 -1.21 -0.47
ξS (10
9GeV 3) -6.79 -3.27 -6.06 -6.77 -5.56 -3.42 -6.15 -1.06 -5.56 -0.89
mχ˜0
1
(GeV) 142.2 181.9 112.1 146.3 33.7 164.5 139.5 163.6 33.7 94.2
mh1 (GeV) 63.59 70.59 75.29 82.24 88.07 65.93 71.32 83.77 88.07 100.47
mh2 (GeV) 122.9 122.7 122.8 123.6 126.1 127.8 126.5 124.6 126.1 125.4
mh3 (GeV) 1858.7 1394.5 1852.1 1861.1 2365.0 1315.5 2078.4 950.1 2365.0 1467.3
ma1 (GeV) 67.8 73.4 77.8 85.3 89.0 73.9 78.2 107.1 89.0 118.9
ma2 (GeV) 2014.3 1649.4 1995.2 2018.0 2393.3 1659.6 2427.6 1473.5 2393.3 1848.9
mh± (GeV) 112.4 114.9 121.6 124.1 103.3 102.9 101.4 124.8 103.3 120.1
BR(h1 → bb¯) 0.902 0.910 0.909 0.901 0.828 0.910 0.909 0.906 0.828 0.907
σ [fb] 9.783 5.627 7.535 4.815 4.628 45.209 25.561 20.205 24.371 12.403
σ.BR[fb] 8.824 5.121 6.850 4.338 3.832 41.141 23.235 18.306 20.180 11.250
Table 3: The selected NMSSM benchmark points obtained using NMSSMTools 5.0.1 [49] to
find the h1 signal at LHeC. The values displayed are at the electroweak scale. The following
parameters are fixed: M3 =1800 GeV, Aτ = Aℓ=1500 GeV and Mℓ˜ = 300 GeV. Please note
that we used MA and MP as inputs – thus our scenario is not the Z3-NMSSM, and for that ξF
and ξS are non-zero and also given in the table. We mention the cross section σ × BR(h1 → bb¯)
(as σ.BR) at LHeC. Please note that the e5 benchmark for e+3-jets and ν4 benchmark for
E/T+3-jets is identical.
We have set the renormalization and factorization scales at
√
sˆ, the center-of-mass (CM)
energy at the parton level, and adopted NN23LO Parton Distribution Functions (PDFs) [68, 69].
including the b-flux, with αs (the strong coupling constant with four-flavor schemes) evaluated
consistently at all stages (i.e., convoluting PDFs, hard scattering and decays). Parton shower
(both initial and final), hadronization, heavy hadron decays, etc. have been dealt with by
PYTHIA v.6.428 [70].
We consider all the light-flavor quarks, b-quark and gluon in the proton flux. The flavor-
mixing, wherever appropriate, is also considered for the allowed diagrams. Following this, it
was realized that the signal processes have unique kinematic profiles and we will discuss it
below.
The cross section of the scattering fa → f ′X via the gauge boson (V ) exchange can be
expressed as
σ(fa→ f ′X) ≈
∫
dx dp2T PV/f(x, p
2
T ) σ(V a→ X) (12)
where the fermion f with a c.m. energy E is radiating a gauge boson V (s ≫ M2V ),
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σ(V a → X) is the cross-section of the V a → X scattering and PV/f can be viewed as the
probability distribution for a weak boson V of energy xE and transverse momentum pT . The
dominant kinematical feature is a nearly collinear radiation of V off f , termed as “Effective
W -Approximation” [71]. The probability distributions of the weak bosons with different polar-
izations can be approximated by (in the limit of s≫M2V )
P TV/f (x, p
2
T ) =
g2V + g
2
A
8π2
1 + (1− x)2
x
p2T
(p2T + (1− x)M2V )2
(13)
PLV/f (x, p
2
T ) =
g2V + g
2
A
4π2
1− x
x
(1− x)M2V
(p2T + (1− x)M2V )2
, (14)
where gV (gA) is the vector (axial) vector couplings of fermion-gauge boson vertices.
From these equations we can understand that the final state quark f ′ typically has transverse
momentum, pT ∼
√
1− xMV ≤MV , i.e, less than the mass of the vector boson. Secondly, due
to the 1/x behavior for the gauge boson distribution, the out-going parton energy (1− x)E
tends to be high and leads to very high energetic forward jet, with small angle (i.e., high forward
rapidity) with respect to the beam direction. Finally, at high pT , the probabilities of the gauge
bosons can be approximated as: P TV/f ∼ 1/p2T and PLV/f ∼ 1/p4T . At high pT the longitudinally
polarized gauge bosons is relatively suppressed as compared to the transversely polarized one.
In particular, the first two criterions serve as a guidance in our event selection for exploiting
the kinematical features. Also, in both signals under consideration, the final state forward jet
could be also a b-jet. However, as it is mostly in the forward region, with the tighter constraints
of the rapidity of b-taggable jet, it hardly qualifies as b-tagged.
4.2 Backgrounds
There are mainly two groups of SM backgrounds in our Higgs signals. The charged-current
backgrounds consisting of νtb¯, νbb¯j, νb2j, ν3j, and the neutral-production ones identified as
e−bb¯j, e−tt¯, e−bjj and e−jjj. In all of these backgrounds the charge-conjugated processes are
naturally implied.
For estimating the cross sections of these SM backgrounds, we used the same set of pre-
selections, identical conventions and parameter sets as for the signal. The expected number of
the background events for 100 fb−1 of integrated luminosity are given in the second column of
Tables 4 and 6.
4.3 Signal-to-Background analysis
We generated the SM backgrounds at the parton level using MadGraph v 2.4.3 [63] and then
fed them to PYTHIA v.6.428 [70] for parton showering (both initial and final), hadronization,
heavy hadron decays etc. The initial state radiation (ISR) will reduce the total center-of-mass
energy of the collision, however at the LHeC with the main dynamics along the t-channel,
the center-of-mass energy loss due to ISR has less impact. The top-quark and W -boson were
allowed to decay freely within PYTHIA program. The four-momentum of the jets are different as
compared to the parton level quark due to the final state radiation (FSR) and in our analysis
we considered the Gaussian type of smearing effects.
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The LHeC detectors and their parameters considerations follow one of our recent analysis
[36]. However to be complete, let us describe it here briefly.
We have considered the experimental resolutions of the jet angles and energy using the toy
calorimeter PYCELL, in accordance with the LHeC detector parameters, given in PYTHIA. As the
invariant mass has been used to isolate the Higgs signal – this has some non-trivial effect. We
considered LHC type of calorimeter for the LHeC. To be explicit, we set a somewhat symmetric
detector coverage, however in reality the electromagnetic and the hadronic calorimeter at LHeC,
unlike ATLAS and CMS, are not exactly symmetric.
Since we are not doing detector simulation and also not considering the cracks in the de-
tectors, we applied symmetric large rapidity coverage for jets and leptons7. We expect that
these assumptions hardly alter our numerical findings. The detector parameters in PYCELL are
set according to the LHeC detector [66]. Specifically, we assume large calorimeter coverage
|η| < 5.5, with segmentation (the number of division in η and φ are 320 and 200, respectively)
∆η × ∆φ = 0.0359 × 0.0314. Furthermore, we have used Gaussian energy resolution [64] for
electron and jets (labeled as j), with
∆E
E
=
a√
E
⊕ b, (15)
where a = 0.32, b = 0.086 for jets and a = 0.085, b = 0.003 for leptons and ⊕ means addition
in quadrature.
We have used a cone algorithm for the jet-finding, with jet radius ∆R(j) =
√
∆η2 +∆φ2 =
0.5. Calorimeter cells with EcellT,min ≥ 5.0 GeV are considered to be potential candidates for
jet initiators. All cells with EcellT,min ≥ 1.0 GeV were treated as part of the would–be jet. A
jet is required to have minimum summed energy EjT,min ≥ 15 GeV and the jets are ordered
in ET . The leptons (ℓ = e only ) are selected if they satisfy the requirements: E
ℓ
T ≥ 15 GeV
and
∣∣ηℓ∣∣ ≤ 3.0. In our jet finding algorithm we include leptons as parts of jets. Finally we
separate them, putting some isolation criterion as follows: if we find a jet near a lepton, with
∆R(j − ℓ) ≤ 0.5 and 0.8 ≤ EjT /EℓT ≤ 1.2, i.e. if the jet ET is nearly identical to that of
this lepton, the jet is removed from the list of jets and treated as a lepton. However, if we
find a jet within ∆R(j − ℓ) ≤ 0.5 of a lepton, whose ET differs significantly from that of the
lepton, the lepton is removed from the list of leptons. This isolation criterion mostly removes
leptons from b or c decays. We reconstructed the missing (transverse) energy (E/T ) from all
observed particles and for the charge current the signal is shown in right panel of Fig. 9. We
have also calculated the same from the energy deposition in the calorimeter cells and found
consistency between these two methods. Only jets with |ηj| < 2.5 and EjT ≥ 15 GeV “matched”
with a b−flavored hadron (B−hadron), i.e. with ∆R(j, B − hadron) < 0.2 is considered to be
“taggable”. We assume that these jets are actually tagged with probability ǫb = 0.50. We also
adopted mis-tagging of non−b jets as b−jets and treated c−jets differently from the gluon and
light-flavor jets. A jet with |ηj| ≤ 2.5 and EjT ≥ 15 GeV matched with a c−flavored hadron
(C−hadron, e.g., a D−meson or Λc−baryon), i.e., with ∆R(j, C − hadron) < 0.2, is again
considered to be taggable, with (mis-)tagging probability ǫc = 0.10. Jets that are associated
with a τ−lepton, with ∆R(j, τ) ≤ 0.2, and all jets with |ηj| > 2.5, are taken to have vanishing
tagging probability. All other jets with EjT ≥ 15 GeV and |ηj| ≤ 2.5 are assumed to be (mis-
7Here the lepton means only electron unless mentioned otherwise.
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)tagged with probability ǫu,d,s,g = 0.01, following [34]. The overall analysis strategy has been
adopted from [72, 73] and [74].
Figure 8: Left-panel: Number of jet distribution for the e1 benchmark (ν5 benchmark) in the
e+3-jets (E/T+3-jets) channel using the thick (thin) black lines. Right-panel: The number of
b-tagged jet distribution is shown. Both the distributions depends mainly upon the masses of
the Higgs boson in two signal channels, i.e., the more massive the Higgs, the more the number
of jets peaks towards higher values. For all other signal benchmarks, the distributions follow
a similar pattern and can be understood from the numerics in the corresponding columns in
Tables 4 and 6.
4.3.1 e + 3-jet: electron channel
In this subsection we will analyze the neutral current signal electron channel, i.e., e + 3-jet and
apply different kinematical cuts to isolate the signal from the backgrounds.
• a: We first selected events containing at least three jets, i.e., Njet >∼ 3, with Ptj > 15.0
and ηj < 5.5. The distribution of the number of jet (Njet) is shown in the left panel
of Fig. 8. The efficiency of having Njet >∼ 3, are approximately, 40.0%, 42.8%, 45.3%,
45.6% and 51.7% 8 for the signal benchmarks of e1 to e5, respectively. Since the two
central jets originate directly from the Higgs boson itself, heavier masses lead to higher
efficiencies. The jet selection criterions are the same for all the signals and corresponding
backgrounds. Thus the jet efficiencies are identical in all backgrounds. Among all the
backgrounds, ett¯ leads to a total of six-jets when both the top-quarks decay hadronically
– here the jet efficiency is maximal, about 92.2%. The immediate next high efficiency is
8The efficiencies quoted here are with respect to the previous set of selections.
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Figure 9: Number of electron (Ne) distribution for e1 benchmark (ν1 benchmark) using thick
(thin) black line in the left panel. The distribution of missing energy (E/T ) for e1(ν1) benchmark
using thick (thin) black line in the right panel.
from νtb – where the maximal number of jets is four. This leads to an efficiency around
60.7%. The jet–efficiency for the ebbj, ebjj and ejjj are in between 7.0 - 10.0% whereas
for the νbbj, νbjj and νjjj channels they range from 18.0 to 24.0%. In the neutrino cases,
first of all there is no strict selection of neutrinos momentum unlike minimum transverse
momentum requirements of the lepton, i.e., e in this channel. Moreover the lepton-jet
isolation criterion reduces the number of jets in the backgrounds with explicit lepton.
This leads to the lower efficiency.
• b: We required one lepton (e) with pT > 15 GeV and η < 3.0 as our signal is generated
from the neutral current interaction. Since the lepton is originating from the e-beam, we
required somewhat larger rapidity. The distribution of number of leptons is shown in the
left panel of Fig. 9. The lepton efficiency for all the signal benchmarks is approximately
94.0% and for the benchmarks where the Higgs mass is smaller, this lepton efficiency is
larger as more collison energy is transferred to the lepton – however small it is, it does get
reflected in the corresponding efficiencies. Among the backgrounds, the larger efficiency
is for ett¯ with approximately 86.5% – as one top quark is allowed to decay leptonically
whereas the other top quark must decay hadronically satisfying the three jet criterion.
The efficiencies for ebbj, ebjj and ejjj are between 76.9% – 79.7%. The efficiency of
νtb is approximately 8.0%. This is close to the electron channel branching fraction, i.e.,
10%. There are also secondary sources of electrons, like semi-leptonic b-decays or meson
decays. Taking this into account, the transverse momentum and rapidity criterion reduces
the efficiency to approximately 2%. The efficiency for νbbj is approximately 2.8% where
the source of the lepton is only from the semi-leptonic b-decay satisfying the isolation
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criterion or from secondary sources like meson or photon. The efficiency for νbjj being
1.3% is just the half of νbbj as it is clear from the presence of b-quark in these two
cases. In case of νjjj, the lepton would only be coming from the secondary sources
(meson or photo) during fragmentation and hadronization and the efficiency turns out to
be approximately 0.002% 9.
• c: We demanded at least two b-tagged jets with the inclusion of proper mis-tagging. The
distributions of the number of b-tagged jets (Nb−tag) are shown in the right panel of Fig.
8. The efficiencies are approximately, 13.7%, 13.8%, 14.4%, 14.1%, and 14.6% for the e1
to e5 benchmark points, respectively. In fact, all our signal benchmarks contain at least
two b-quark. Since we considered ǫb=0.50, an approximately 10% lowering for the double
b-tag is quite realistic due to the fact that not all b-quarks in the signal are eligible for
the b-taggable criterion adopted in our analysis (another possibility is having a c-quark
with ǫc=0.10 and a light flavored quark with ǫq=0.01).
Among the backgrounds, the irreducible one ebbj has an efficiency of approximately 11.5%,
roughly 2% less than the signal and this is mainly due to the rapidity acceptance of the
taggable b-jet. Unlike the signal, the rapidity distribution of the two b-taggable jet for this
background are not very central (i.e., we imposed the η < 2.5 a for taggable b-jet). For
etb and νtb the efficiencies are approximately 11.6% and 10.0%, respectively whereas νbbj
and νbjj have efficiencies of 8.2% and 2.4%. This b-tagged ratios with neutrino follow
very closed the corresponding number efficiencies of ebbj and ebjj. The efficiency of ejjj
is approximately 0.002 where low-flavor mis-tagging efficiencies with ǫc=0.10 and ǫq= 0.01
(q=u, d, s, g) have been taken care of. We would expect similar b-tagged efficiencies (i.e,
0.002) for νjjj. However, as the lepton selection criterion (b) above severely reduced the
number of events – the survived events hardly pass this b-tag criterion and νjjj goes to
zero-level.
• d: In the central region, defined above in the selection (c), having the number of b-
tagged jets greater than or equal to two (i.e., Nb >∼ 2 with mis-tagging), we reconstruct all
possible combination of di-jet invariant masses, i.e.,Mbb. Out of all possible combinations,
we have chosen the best combination for which the absolute difference, |Mbb −Mh1 | is
minimum. We identified this as the correct di-b−jet candidates for the Higgs boson.
The distribution of Mbb is shown in the left panel of Fig.10 for e1, e3 and e5 benchmark
points. We have not shown explicitly the mass peaks of e2 and e4 benchmark points, since
it lies between the displayed peaks as the Higgs boson mass lies between the respective
benchmarks (see Table 3). The peaks of all the signal benchmarks always show up to the
left side of the actual masses due to jet energy smearing. Moreover, the shift depends
on the jet-cone size under considerations – the larger the cone size the more the peak
moves to the right. The price is having a relatively less Njet efficiency in (a). The Mbb
distributions in Fig.10 show a rapid fall on the higher side. Hence we have selected events
with some asymmetric mass windows: Mh1 − 15.0 GeV < Mbb < Mh1 + 5 GeV 10.
9Please note that we have not considered here the lepton mis-tagging efficiency from the jets. This is
approximately 0.001% and having the three (or more) jets explicitly after considering the ISR and FSR, this
efficiencies are somewhat consistent with the mis-tagging numbers with proper combinatorics.
10 Please note that the Mbb distributions are shown without imposing the mass window selection. The
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Figure 10: Left-panel: The di-b-tagged invariant masses, Mbb, distribution for the e+ 3-jets
channel, for e1, e3 and e5 benchmark points from left to right (thick to thinner) respectively.
Right-panel: Similar for the E/T + 3-jets channel, with the mass peaks for ν1, ν3, and ν5 from
left to right (thick to thinner) respectively. See the Table 3 for the corresponding Higgs boson
masses.
For the signal the efficiencies are approximately, 54.0%, 47.7%, 43.3%, 38.7%, and 35.0%
for e1 to e5 benchmark points, respectively. The reconstructed Higgs boson mass tends
to lie in the lower regions which depends mainly on the jet-cone size and the showering
effects. Thus, the lower the benchmark Higgs boson mass, the larger is the efficiency as
can be seen from the second benchmark point.
The SM ebbj processes have a Z-boson exchange resonant diagram with Z → bb¯. This
leads to the appearances of the mass peaks around 60 GeV (approximately 30 GeV less
than the MZ due to jet energy smearing). The νbjj mass peaks are somewhat similar
to the ebjj, as this has a W and/or Z-boson exchange resonant diagrams. As the Higgs
boson mass is very close to theW -boson mass at least in the e1 benchmark, the efficiencies
are 32.5% and 25.4% for νbjj and ebjj, respectively.
In the cases of ett and νtb, the pure di-b-tagged jet is uncorrelated and as a result the
mass distributions are flat. However, it is not always the case that the primary hard b-jet
or the secondary b-jet from the top quark decay are tagged. In the cases, of the hadronic
top decay, i.e., W-hadronic decay, both can be mis-tagged and those combinations gen-
erally show the mass peaks around 80 – 90 GeV. The efficiencies of this selections are
approximately around 15.3% and 18.1% for ett and νtb, respectively.
numbers start to differ from this column onwards as the Higgs mass window selection depends upon the Higgs
boson masses of the corresponding benchmarks.
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The efficiency for ejjj is approximately 18.2% and the mass distribution has a peak in
the lower side. Due to this peak shift in the lower side, among all the benchmarks the
ejjj events survive better than of the benchmarks with minimum Higgs boson mass.
Figure 11: Left-panel: The rapidity of the forward jet (ηjf) for e1 and ν5 signal benchmark
points. The distributions for other benchmarks lie between this distribution profiles. Right-
panel: The rapidity of the forward lepton (ηef) for e1 and e5 benchmark points (somewhat
similar for other benchmarks).
• e: We demanded that the remaining leading jet in the events should have Ptj > 15.0 GeV
with −5.5 < η < −0.5 (the values are chosen by inspecting the distribution shown in the
left panel of Fig. 11 with thick black line for e1 benchmark and termed as the forward jet
(jf or in the histogram as jf)). The forward jet (the transverse momentum of the forward
jet is shown in the left-panel of Fig.12) lies very close to the direction of the incoming
proton – however it also depends upon the Higgs mass for the given benchmarks. The
more massive the Higgs boson is, the smaller the energy which remains for the forward
jet as it lies close to the proton beam (larger rapidity). Vice versa, the less massive the
Higgs, the larger the rapidity of the forward jet. With the exception of the e2 benchmark,
the survival probability under this selection is larger with heavy Higgs boson masses. The
backgrounds like νtb and ett have generally a large number of jets (shown in the left panel
of Fig. 8). Thus one out of many jets would likely pass this selection criterion and hence
the efficiencies are as large as the signal efficiency. The backgrounds ebjj and νbjj have
somewhat similar efficiencies and are reduced maximally by this selection.
After applying this selection, the dominant remaining backgrounds are from the irre-
ducible ebbj, ebjj, νtb and a part from ejjj as the latter process has a big cross-section
to begin with.
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• f: We demand the magnitude of product of lepton and jet rapidity to be negative, i.e.,
ηj .ηl < 0. This is to say that they lie in the opposite hemisphere. For this selection, the
efficiencies for the e1 to e5 signal benchmarks, vary, as 53.9%, 55.2%, 55.9%, 57.8% and
55.8% respectively. This selection reduces the high multiplicities backgrounds severely.
For example, νtb (ett) survived by approximately 1.5% (39.5%).
• g: Like the forward jet cut mentioned above in the item (e), we assume the rapidity of
the lepton to be in the forward region since the lepton in the signal source is directly from
the e-beam11. The transverse momentum of the forward lepton is shown in the right-
panel of Fig.12. By inspecting the rapidity distribution of this lepton shown in the right
panel of Fig.11, we selected events with lepton rapidity within the range −2.5 < η < 2.0.
The lepton satisfying this criterion is called forward lepton (ef ). The signal events which
survived this criterion are approximately 94.0% while for νtb it reduces to approximately
70% – 85% as the source of the lepton in this case is the top quark decay and there is no
guarantee that the lepton should be in the forward direction with the imposed criterion.
The background ett would be maximally three leptons and it is likely that one out of three
leptons will pass the forward rapidity criterion −2.5 < η < 2.0. Thus one would expect
large survival probability which indeed is approximately 80%. In Table 4 we tabulated
the events after imposing the rapidity gap between the forward lepton and forward jet,
i.e., ∆ηjf−ef . We have shown the distribution of rapidity of lepton in the right-panel of
Fig.11 and the rapidity differences with jet in the left-panel of Fig.13. We demanded −5.5
< ∆ηjf−ef < 0.5 and due to that the signal benchmarks reduced by approximately 2.0 –
3.0%. All the SM backgrounds remain same except the ebjj changes from 93.3%, 94.9%,
95.7%, 99.2% and 96.1% for e1 to e5 signal benchmarks, respectively.
• h: For the di-b-jet for whichMh1 = mbb as in the selection (d) above and with the forward
tagged jet (jf), we reconstructed three-jet invariant mass, mh1jf = mbbjf . This essentially
reflects the overall energy scale of the hard scattering. The distributions are shown in the
right-panel of Fig. 13. We impose the condition mh1jf > 190 GeV. With this selection
the signal events for all the benchmarks remain approximately 50.2 – 54.5%. The most
dominant irreducible background ebbj remains approximately 14.0% – 24.0% whereas ebjj
remains approximately 7.0% or less. The backgrounds ett remains approximately 8.0%
or less. The νtb becomes zero.
At this stage the most dominant backgrounds which remain are: ebbj, ebjj (at the level
of signal events) and ejjj.
• i: We devised another set of selection based on the sum of the transverse momentum of
all jets present in the events, HT =
∑ |Ptj|. The distribution is shown in the left panel
of Fig. 14. The signal shows the peak around 100 GeV. The νtb shows a peak around 125
GeV whereas ett displays it around 250 GeV – the higher value reflects the presence of
more number of jets. We demanded a selection of HT > 100 GeV. The number of signal
events for all the benchmarks remains approximately 95.0% – 98.0% (for heavy Higgs
11Please note that the lepton(i.e, e) and the forward jet (jf ) are likely to be in the opposite hemisphere, i.e.,
if the jet is in the forward region then the lepton will be in the backward region or vice-versa. This is also
reflected in the rapidity distributions in the left and right panel of Fig.11.
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Figure 12: Left-panel: The transverse momentum (PT ) of forward jet (PTjf) for e1 and ν5
signal benchmarks. Right-panel: The same for the forward lepton (PTef) only in the electron
channel for e1 and e5 signal benchmarks..
boson masses the survival events probablities are more). We see that this selection is not
reducing much of ett, at most 2.0%. However this background is not big at this stage.
The ebjj contribution is also not much, it survived by at most 75.0% for e5 benchmark.
With this selection ebbj is reduced to approximately 52.2%, 55.6%, 64.0%, 65.5% and
73.9% for e1 to e5 benchmark points respectively. In spite of large large reduction, ebbj
is the only dominant contribution at this stage.
• j: Finally, to suppress the ebbj further, we devise a new kinematical variable by adding
the vector component of three momentum of all the jets present in the event. This is
defined as: ~HT =
∑
~Ptj . The distribution is shown in the right panel of Fig. 14 and
it is evident that here the peaks are at a lower value of | ~HT | as compared to the left
panel of the same figure (HT is defined in the selection (i) above). In the events having
more jets, the jets are naturally distributed symmetrically in the η-φ plane. This regular
arrangements of jets three momentum tend to cancel each other which leads to a lower
magnitude of ~HT . For example, for ett, νtb the peaks are around 40 GeV, while for the
ebbj, ebjj, and ejjj around 25 GeV or less. By demanding the magnitude of | ~HT | > 50
GeV, the signals are reduced by approximately 30.0% – 35.0%. The background ebbj is
reduced severely by approximately 85% – 95%.
After applying the cumulative selection from (a)–(j), we estimated the total SM background
events to be found in the final column of Table 4. The significance for 100 fb−1 integrated
luminosity is approximately 0.40 – 0.12 σ. This is not good enough to ensure the finding of a
Higgs boson. However, at the end of LHeC data accumulation with approximately 1000 fb−1,
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Figure 13: Left-panel: The rapidity differences between forward jet (jf=jf) and forward lepton
(ef=ef), i.e., ∆ηjf−−ef only for e1 and e5 signal benchmarks in electron channel. The signal
shows large rapidity gap. Right-panel: The invariant masses of the Higgs candidate jets, Mbb
shown in Fig.10, together with the forward jet, i.e., Mbbjf = mh1jf for both the signal channels
for e1 benchmark (ν5 benchmark) using thick(thin) black lines. The signal distributions in both
channels do not differ as the electron and E/T does not have a direct big role to reconstruct the
three–jet invariant mass. The distributions for other signal benchmarks in both the channels
are somewhat identical.
the significances (quoted in the parenthesis) improve to become 1.3 – 0.4σ. Notice that the
significances do not scale accordingly with the Higgs masses. For example, the mass of the
Higgs boson in e2 benchmark is less than the e3 benchmark, thus one would expect the larger
cross-section in e2 benchmark. This is mainly because of the parameter spaces dependent
couplings of the ZZh1 in the gauge boson fusion type of production. For the e2 benchmark,
the values of ZZh1 coupling is less with respect to e3 benchmark.
It is somewhat clear from Table 4 that the significances in the electron-channel are not very
promising for the cut–based cumulative selections. To find better significances, we exploited
some kind of optimization technique. First of all, we select the following kinematical variable:
ηl (rapidity of the forward lepton); ∆ηjl = ηjf−ηlf (the rapidity differences between the forward
jet and forward lepton) ; mφj (three jet invariant masses, i.e., two Higgs–boson candidate jets
and one forward jet); HT (the scalar sum of the transverse momentum of of jets); | ~HT | (the
vector sum of the transverse momentum of of jets). The optimization starts with the events
which passed the forward jet criterion (after selection criterion e). The numerical values of all
these kinematical variables are varied within a maximum and minimum ranges (by seeing the
corresponding distributions). In particular, we varied the following kinematical ranges: upper
values of ηl in the range (1.0, 2.5) with step-size 0.1 and the lower values in (−2.5,−1.0) with
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Figure 14: Left-panel: HT =
∑ |Ptj| distribution for e1 benchmark and ν5 benchmark. The
distributions for other signal benchmarks in both the channels are somewhat identical. Right-
panel: ~HT = |
∑
~Ptj | defined (in the figure the magnitude of the vector is naturally implied) in
kinematical selection (i), for the leptonic and missing energy channels (the presence of lepton
or E/T do not matter directly for the ~HT distribution, however the number of jets does.) for e1
and ν5 benchmark points. The distributions for other benchmarks in both the signal channels
are somewhat similar.
step-size 0.1; the upper values of ∆ηjl in (0.0, 1.5) with step-size 0.1, while the lower values
in (−6.0,−3.0) with step-size 0.1; mφj in (80.0, 180.0) with step-size 10.0; HT in (70.0, 140.0)
with step-size 10.0; and | ~HT | in (30.0, 60.0) with step-size 10.0. We have checked approximately
44695552 numbers of combinations and estimated the numbers of signal events and the total
SM backgrounds and finally the significances.
The kinematical selection configurations and their numerical values for which the signifi-
cances (in the fifth and ninth column) for integrated luminosity of 100 fb −1 are maximum is
shown in Table 5. It turns out that for Higgs boson masses up to 82.0 GeV, the significances
reach at approximately 2.1σ. In the right panel, we demanded number of signal events at least
10 for the low luminosity option (for Higgs masses greater than 80.0 GeV, we found approxi-
mately 5 signal events) and for that the number of backgrounds is also large. It is clear that
for the Higgs boson masses of approximately 65.0 GeV, the significances could be 0.60 (2.0)σ
for 100(1000) fb −1.
As the above neutral current signal, discussed above, does not have large significances in
simple cut-based selection, we turn our attention to the charged current mode. It is clear from
the right panel of Fig.5 that the events rates are high enough to consider this case.
23
4.3.2 E/T+ 3-jet: missing–energy channel
We are now looking for the feasibility of finding the Higgs boson in E/T + 3-jet. Like in the
e + 3-jet discussed in the previous sections, we apply kinematical cuts to isolate the beyond
SM-type Higgs boson signal from the backgrounds. These cuts are, however, slightly different.
The number of signal and SM background events are tabulated in Table 6.
• A: We first selected events containing at least three jets, i.e., Njet >∼ 3. The distribution
of the number of jets (Njet) is shown (only for the ν5 benchmark) in the left panel of
Fig.8. The jet reconstruction criterion are same as of the e+ 3-jet channel – thus the jet
efficiencies of the SM backgrounds are exactly same. The more massive the Higgs, the
larger are the jet efficiencies as it is evident from the Table 6.
• B: We required no presence of an electron in our event. If we find an electron with pT >
15.0 GeV and η < 3.0, we reject such events, i.e., we are vetoing. This selection largely
reduced the SM backgrounds as compared to the case with an explicit electron. For
example, ebbj, ebjj and ejjj are reduced by approximately 77%, 75% and 80%, while for
ett the reduction is close to 86.7%.
The νjjj, νbjj and νbbj are reduced by approximately 0.2%, 1.0% and 3.0%, respec-
tively. For the νbbj case having an secondary electron from B-meson semileptonic decay
is more probable than in νbjj and much more than in νjjj. Such an expectation is,
indeed, confirmed. The efficiencies of this selections for all the five signal benchmarks
are nearly identical (approximately 95.5%) as this is not related directly with the Higgs
boson masses.
• C: Like in the e+ 3-jet channel in the previous section, here also we demanded at least
two b-tagged jets with the inclusion of a proper mis-tagging. The distributions of the
number of b-tagged jets (Nb−tag) are shown in the right panel of Fig. 8. The efficiencies
for the missing-energy signals and SM-backgrounds are similar to the e + 3-jet channel
– as the main difference between these two channels is the presence of an electron and
missing energy.
• D: After identifying the b-tagged jet with proper mis-tagging, like in the leptonic channel,
we follow exactly similar procedure to reconstruct the non-SM Higgs boson (mh1) masses.
The reconstructed di-bjet invariant mass, mbb tends to peak in the lower values than the
benchmark values. Due to this the mass window selection reduces the number of events
more for higher Higgs boson mass. As it is clear from Table 6, for the ν1 – ν5 benchmarks
cases the efficiencies are approximately 56.1%, 49.5%, 38.0%, 35.1% and 26.6%. They
are decreasing (as mentioned earlier) with the increase of the Higgs boson masses in the
respective benchmark points. The νbbj background survived by approximately, 28.4%,
14.7%, 9.9%, 9.0% and 6.1% for the ν1 – ν5 benchmark respectively – follow similar
pattern like the signal benchmarks. We also find the same patterns for ebbj background
– 26.2%, 25.4%, 19.2%, 18.3% and 15.2% (as the mass window selection depends upon
the masses of the Higgs boson in the respective benchmarks). In addition, the ebbj
background has a Z-exchange diagram, i.e., eZj with Z → bb¯. For the benchmark points
where the Higgs boson is close to the Z-boson mass, i.e., for ν4 and ν5, the reduction is
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maximal. For ebjj the events survived are approximately, 27.4%, 27.7%, 18.1%, 19.3%
and 12.0% a for ν1 – ν5 benchmarks respectively, somewhat similar to ebbj. For ebjj two
more issues are important to mention, the ebZ with Z → jj¯ and mis-tagging of jets. For
νtb, the event survived are approximately, 19.0% for all the benchmark points as many
effects play together, e.g., top-quark decay, mistagging, differences between Higgs boson
and W-boson masses in those benchmark points.
• E: Like in the electron channel selection (e), here we also demanded the presence of one
forward jet. All the signal benchmarks survived by approximately 99%. This criterion has
a mild overall impact – it rejects the irreducible backgrounds νbbj (νbjj) by approximately
34.5%, 21.0%, 17.4%, 16.7% and 21.7% (22.9%, 33.0%, 33.4%, 33.4% and 29.0%) for the
ν1 – ν5 benchmarks respectively. The background νjjj is reduced by approximately from
16.0% – 25.0 % from ν1 to ν5 benchmark points.
• F: The signal contains now a neutrino and this explicitly leads to missing energy (other
than the jet-energy smearing and mis-measurements). The E/T is shown in the right panel
of Fig.9. We demanded that E/T should be larger than 15 GeV. All the signal benchmark
survived by 91% or more. This criterion suppressed all the background except for ett.
Most importantly, at this stage ejjj turns out to be zero. The ebjj is reduced by 65% –
35%, while ebbj is reduced by 65% – 55% for all the signal benchmarks. The relatively
larger reduction in ebbj is again due to the semi-leptonic decays of the two bottom quarks.
The backgrounds νbbj survived by 99% for ν1 benchmarks and for all other benchmarks
it survived by more than 96% while νbjj (νjjj) is survived by approximately 96% (99%).
• G: With the identification of forward jet we reconstructed the three jet invariant mass of
thembbjf . The distribution is shown in Fig.13 for the ν5 benchmark. All other benchmarks
have similar distributions with the peaks nearly at the same values around 120 GeV.
Furthermore, we demanded that mbbjf > 210 GeV. The signal reduces by approximately
50% to 45% (from ν1 to ν5 benchmark points) while the background reduces severely,
e.g., νbbj reduces by approximately, 80%. The other irreducible backgrounds, νtb, ebbj
and ett reduce by approximately 95%, 70%-80% and 96%-93%, respectively for all the
signal benchmarks.
• H: Like in the e+ 3-jet channel, we demanded HT > 100 GeV. The event efficiencies
for the signal and all backgrounds follow similar pattern for the lepton signal channel.
This is due to the fact that this variable dependents on the number of jets and their
transverse momentum and does not have an explicit dependence on neither electron nor
neutrino. Except ebbj (reduced by approximately 30%) this selection hardly affects any
other backgrounds.
At this stage, for all the signal benchmarks, the backgrounds of νtb and νjjj are of
similar size to the signal events while ebbj is slightly more than factor of two. The signals
events are quite large and the SM-backgrounds are manageable. This leads to quite high
significances to observe the Higgs boson signal in the missing energy channel.
• I: However, to reduce the ebbj further we invoked the magnitude of | ~HT | > 50 GeV. The
signals and νtb are reduced approximately 50% while ebbj (except the ν1 benchmark,
where it reduced by 85%) goes to zero.
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After applying the cumulative selection from (A)–(I), we estimated the total SM background
events to be found in the final column of Table 6. The significance for 100 fb−1 integrated
luminosity for ν1, ν2, ν3, ν4 and ν5 benchmark points are is 3.3σ, 1.8σ, 1.5σ, 1.8σ and 1.4σ,
respectively. Thus except the first benchmark, with Higgs boson mass around 66.0 GeV, all
other benchmarks are not good enough to be observed with a high confidence level with 100fb−1.
We find that with 1000fb−1, the significances of those benchmarks can be found with 10.6σ,
5.8σ, 4.9σ, 5.5σ and 4.5σ. With our choices of simple cut-based selections and at the end of
the LHeC, a 5.0σ discovery would be possible for Higgs boson masses up to 90 GeV.
Compared to the electron channel, the overall significances in the missing energy channel
are higher for relatively large Higgs masses. However, likewise in the electron channel, here we
have exploited the optimization by varying four different kinematical parameters, E/T , mφj, HT
and the magnitude of ~HT . The optimization starts after the events have passed the forward jet
criterion (after selection criterion E). The numerical values of all these kinematical variables
are varied within a maximum and minimum range (by seeing the corresponding distributions).
We varied the E/T in the ranges (10.0, 40.0) with step-size 5.0, together with mφj, HT and
the magnitude of ~HT used in the electron channel with the same ranges. We have checked
approximately 2464 number of combinations and estimated the number of signal events and
the total SM backgrounds and finally the significances. The kinematical configurations and
their numerical values for which the significances (in the fifth and ninth column) for 100 fb
−1 are maximum is shown in Table 7. It turns out that one can have 2.4σ up to Higgs boson
masses of 88 GeV. The significances in the parenthesis are for 1000 fb −1. It turns out that the
Higgs boson with masses more than 90 can have significances approximately 5σ.
5 Conclusions
The discovery of the SM-like Higgs boson at LHC establishes the correct pattern of the elec-
troweak symmetry breaking with a doublet. However, to overcome theoretical shortcomings,
multiple doublets are naturally introduced in models beyond the SM – both without and with
supersymmetry. All such multiple doublet models predict the presence of more Higgses with
different mass ranges. Hence looking for any kind of such Higgses in the present and upcoming
collision experiments is a good opportunity to probe particle physics beyond the SM.
Among the experimental facilities which will soon become operational and potentially com-
petitive to look for the intermediate mass Higgs bosons, is the LHeC facility (with ep collisions)
located at CERN expected to be operational in 2020.
In this work, we have considered the NMSSM model where the non-SM type Higgs boson
with masses less than the SM-like Higgs boson is naturally possible with all the theoretical
and most up-to-date experimental constraints from the low energy experiments as well as the
supersymmetry and Higgs searches results from the LHC. The model has naturally a low mass
lightest neutralino (χ˜01) which serves as the possible candidate of the cold-dark matter. Apart
from the particle physics constraints mentioned above, our parameter space respects all the
dark matter constraints, including WMAP and dark matter searches.
We have considered two different production mechanisms of this intermediate Higgs boson,
namely, eh1qf and νh1qf , and used the h1 → bb¯ decay mode to find the Higgs boson signal.
In our analysis, we performed a detail parameter space scanning using NMSSMTools v.5.0.1
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assuming that the second intermediate mass Higgs boson is of the SM-type. For the allowed
parameters we estimated the production cross-section and the branching ratio to find the event
rate at the LHeC facility.
The production processes under consideration are e + 3-jets and E/T + 3-jets. Two jets can
originate from the Higgs boson decay, h1 → bb¯ and we demanded both of them to be b-tagged
(with proper mis-tagging from light-flavor and gluon jets) in the central rapidity region. The
remaining jet originates from the remnant of the proton fluxes which is likely to be with large
rapidity (in the forward or backward region). We considered the reducible and irreducible SM
backgrounds (with charge-conjugation wherever appropriate) for the charge-current processes:
νtb, νbbj, νbjj and νjjj and neutral current processes: ebbj, ebjj, ett and ejjj.
We performed a full hadron–level Monte Carlo simulation using MadGraph/MadEvent fol-
lowed by PYTHIA as the parton shower/hadronization event generator and its PYCELL toy
calorimeter in accordance with the LHeC detector parameters. We carefully implemented
b-tagging, including mis-tagging of c-jets, light-flavor and gluon jets.
In both of the Higgs signal under consideration, we first applied the basic event character-
istics, like number of jets, number of lepton, missing energy profile, number of b-tagged jets.
The kinematics for both the signals are very interesting due to the fact that the Higgs boson
is produced in the central rapidity region such that the two b-tagged jets are also central. We
reconstructed the invariant mass of these two (or more) b-tagged jets and identified the best
combinations where the reconstructed Higgs boson mass is close to the benchmark values and
thereafter selected events only with slightly asymmetric choices with mh1−15 < mbb < mh1 +5
GeV. This selection reduces the SM backgrounds to a large extent and the invariant mass
ensures the finding of the Higgs boson.
As a next step of our selection, by seeing the rapidity profiles, we identified the most
energetic light-flavor forward jet (jf ) and demanded that the rapidity product of the forward
lepton, i.e., electron (je) and forward jet should be negative, i.e., they must lie in the opposite
hemisphere. Furthermore, we demanded that the rapidity gap between this forward jet and
forward electron should satisfy −5.5 < ∆ηjf−ef < 0.5. After this selection we calculated the
three-jet invariant masses, mbbjf which essentially gives the overall energy scale of the hard
scattering. We demanded that this should be larger than 190 GeV and this selection helps to
suppress backgrounds coming from ebbj, ejjj, νtb and ett.
After that, for the e + 3j signal channel we applied some HT selection to suppress the SM
backgrounds further. This is not enough though to ensure a relatively high confidence level.
Hence finally we exploited the ~HT which leads to better significances, but not at the discovery
level though, for the intermediate non-SM type Higgs boson.
In the e + 3j channel, which is naturally event rate limited, we found that to isolate the
non-SM like Higgs signals, we can attain at most 0.4σ with 100 fb−1 for the e1 benchmark.
With ten times more luminosity, for the same benchmark with mh= 63.59 GeV, we would have
the significance approximately 1.3σ.
In the E/T + 3j channel with large event rate we can probe a much higher Higgs mass. We
find that with 100 fb−1 for the ν1 benchmark the significance would be approximately 3.3σ.
For the ν4 benchmark (same as e5 benchmark) we can have the significance approximately
1.8σ. With 1000fb−1 for ν4 benchmark, with Higgs masses 88.1 GeV, we would have 5.5σ.
And for ν5 benchmark, with Higgs masses of 100.5 GeV we found the significances of 4.5σ.
Using a mere interpolation we would expect that one can have 5.0σ significance up to the Higgs
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masses of around 90 GeV.
It should be noted that we have adopted a simple cut-based selection. If one would in-
stead invoke more complex discriminators and/or use multi-variate analysis, we expect that
the significance would be larger even with low luminosity option.
We have introduced a simple cut-based optimization method to enhance the Higgs boson
mass reach in both the channels under consideration. In the electron channel, by varying
the most important kinematical variables, ηl, ∆ηjl, mφj , HT and the magnitude of ~HT with
the maximum and minimum ranges (by inspecting the respective distributions) we optimized
the significances. We found that for 100 (1000) fb−1 integrated luminosity, we can have the
significances of 2.1σ (6.6σ) for the e4 benchmark point with the Higgs boson masses of 82.2
GeV.
In the missing energy channel, by varying E/T , mφj , HT and magnitude of ~HT , for 100 fb
−1
integrated luminosity, we can have the significances of 2.4σ(1.2σ) for the ν4 (ν5) benchmark
point with Higgs boson masses of 88.1(100.5) GeV. With high luminosity option one would
expect the 5σ discovery at–least up to Higgs boson masses of 95 GeV.
To conclude, after the first few years of the LHeC run, and using more complex discrimina-
tors and using multi-variate analyses, we expect that in the e+3j channel, non-SM type Higgs
boson would be probed up to 85 – 90 GeV. In the E/T + 3j one can extend the reach at-least
up to 95 GeV.
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Proc,mh RawEvt a b c d e f g h i j S
e1,63.59 882.4 351.2 330.0 45.3 24.5 23.9 12.8 12.5 6.3 6.0 2.2 0.40(1.3)
ebbj 2688390.0 176102.0 135388.5 15530.5 3759.5 3461.2 2655.6 2476.5 343.1 179.0 29.8
ebjj 330834.0 31317.5 23381.6 575.6 146.4 110.8 74.4 73.6 3.3 2.5 0.8
ett¯ 1425.5 1313.8 1136.9 131.8 20.2 19.9 7.9 7.8 0.4 0.4 0.2
ejjj 37224100.0 4943049.0 3940097.5 8862.8 1611.4 966.9 805.7 805.7 161.1 0.0 0.0 B=30.8
νbbj 21385.4 4040.5 112.0 10.9 2.2 1.8 0.0 0.0 0.0 0.0 0.0
νbjj 4077.8 985.1 13.3 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0
νtb 84395.2 51227.5 3848.3 405.4 73.3 70.6 0.7 0.7 0.0 0.0 0.0
νjjj 3870920.0 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
e2,70.59 512.1 219.2 206.2 28.4 13.6 13.2 7.3 7.2 3.8 3.6 1.3 0.33(1.0)
ebbj 2688390.0 176102.0 135388.5 15530.5 3505.9 3222.5 2357.2 2222.9 402.8 223.8 14.9
ebjj 330834.0 31317.5 23381.6 575.6 142.3 100.9 64.5 64.5 3.3 0.8 0.8
ett¯ 1425.5 1313.8 1136.9 131.8 20.9 20.7 8.2 8.1 0.5 0.5 0.3
ejjj 37224100.0 4943049.0 3940097.5 8862.8 1611.4 1128.0 1128.0 1128.0 161.1 0.0 0.0 B=16.0
νbbj 21385.4 4040.5 112.0 10.9 1.7 1.3 0.0 0.0 0.0 0.0 0.0
νbjj 4077.8 985.1 13.3 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0
νtb 84395.2 51227.5 3848.3 405.4 74.7 71.9 2.1 2.1 0.0 0.0 0.0
νjjj 3870920.0 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
e3,75.29 685.0 310.1 291.6 42.0 18.2 17.9 10.0 9.8 4.9 4.7 1.5 0.38(1.2)
ebbj 2688390.0 176102.0 135388.5 15530.5 3147.9 2894.3 2103.6 1999.1 373.0 238.7 14.9
ebjj 330834.0 31317.5 23381.6 575.6 134.0 97.6 63.7 63.7 2.5 0.8 0.8
ett¯ 1425.5 1313.8 1136.9 131.8 21.4 21.1 8.4 8.3 0.6 0.5 0.3
ejjj 37224100.0 4943049.0 3940097.5 8862.8 1611.4 1128.0 966.9 966.9 161.1 0.0 0.0 B=16.0
νbbj 21385.4 4040.5 112.0 10.9 1.4 1.0 0.0 0.0 0.0 0.0 0.0
νbjj 4077.8 985.1 13.3 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0
νtb 84395.2 51227.5 3848.3 405.4 78.2 75.4 2.1 2.1 0.0 0.0 0.0
νjjj 3870920.0 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
e4,82.24 433.8 210.9 198.6 28.0 10.8 10.6 6.2 6.0 3.3 3.1 1.1 0.28(0.9)
ebbj 2688390.0 176102.0 135388.5 15530.5 2745.1 2566.0 1879.8 1849.9 432.6 283.5 14.9
ebjj 330834.0 31317.5 23381.6 575.6 130.7 93.5 60.4 60.4 1.7 0.0 0.0
ett¯ 1425.5 1313.8 1136.9 131.8 21.3 21.1 8.3 8.2 0.6 0.6 0.4
ejjj 37224100.0 4943049.0 3940097.5 8862.8 1450.3 1128.0 966.9 966.9 322.3 161.1 0.0 B=15.3
νbbj 21385.4 4040.5 112.0 10.9 1.2 0.7 0.0 0.0 0.0 0.0 0.0
νbjj 4077.8 985.1 13.3 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0
νtb 84395.2 51227.5 3848.3 405.4 78.9 78.2 2.1 2.1 0.0 0.0 0.0
νjjj 3870920.0 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
e5,88.07 383.2 198.0 186.2 27.2 9.5 9.3 5.2 6.1 2.6 2.6 0.83 0.12(0.4)
ebbj 2688390.0 176102.0 135388.5 15530.5 2700.3 2506.4 1894.7 1820.1 343.1 253.6 44.8
ebjj 330834.0 31317.5 23381.6 575.6 112.5 80.2 49.6 48.8 3.3 2.5 0.0
ett¯ 1425.5 1313.8 1136.9 131.8 21.4 21.2 8.3 8.2 0.7 0.7 0.4
ejjj 37224100.0 4943049.0 3940097.5 8862.8 966.9 966.9 805.7 805.7 322.3 161.1 0.0 B=45.2
νbbj 21385.4 4040.5 112.0 10.9 1.1 0.8 0.0 0.0 0.0 0.0 0.0
νbjj 4077.8 985.1 13.3 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.0
νtb 84395.2 51227.5 3848.3 405.4 86.5 85.8 1.4 1.4 0.0 0.0 0.0
νjjj 3870920.0 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Table 4: The number of signal and backgrounds events e + 3-jet channel after cumulative set
of selections at the LHeC collider with 100 fb−1 integrated luminosity for selective Benchmark
points consistent with all the Phenomenological, Sparticle masses, Relic density of cold-dark
matter, direct and indirect dark matter searches and most up-to-dated Higgs boson data. We
simulated each benchmark signal with 200K and each background with 400K Monte Carlo
simulated events. In the second column “RawEvt” stands for the number of events with only
the generator–level cuts (Eq.11) imposed for the signal as well as for backgrounds. For signal
benchmarks, the proper branching factor, h1 → bb¯ has been multiplied with the total cross
section and for backgrounds with W -boson and t-quark we assume a free decay. In the final
column we list the significances(S) defined as S = S/√B, where S(B) stands for signal (back-
ground) events for 100 fb −1 of data after all cuts mentioned in the “j” column are implemented.
The Significances for 1000 fb −1 are shown in the parenthesis.
35
BP,mh ηl,∆ηjl,mφj ,HT , ~HT S B S ηl,∆ηjl,mφj ,HT , ~HT S B S
e1,63.59 (1.0,−1.0), (0.0,−4.3), 180, 130, 60 4.9 162.3 0.38(1.2) (1.6,−2.5), (0.3,−6.0), 100, 140, 30 12.8 412.7 0.63(1.99)
e2,70.59 (1.0,−1.0), (0.0,−3.0), 180, 140, 60 2.7 1.3 2.36(7.5) (1.1,−2.5), (0.2,−5.7), 90, 90, 30 10.1 1295.3 0.28(0.89)
e3,75.29 (1.0,−2.5), (0.4,−3.4), 180, 140, 60 3.1 1.5 2.53(8.0) (1.0,−2.1), (0.4,−6.0), 120, 110, 30 11.6 565.2 0.49(1.54)
e4,82.24 (1.0,−1.4), (0.0,−3.4), 180, 140, 60 1.6 0.6 2.09(6.6) (1.0,−2.1), (0.1,−3.4), 110, 140, 30 4.1 154.1 0.32(1.0)
e5,88.07 (1.0,−1.8), (0.0,−3.0), 180, 140, 60 1.3 2.4 0.85(2.7) (1.3,−2.1), (0.1,−5.9), 150, 140, 30 4.8 340.0 0.26(0.82)
Table 5: The optimization of the signal channel with different sets of kinematical selection cuts,
e.g., ηl, ∆ηjl, mφj , HT , magnitude of vector ~HT (see text for details) with the best significance
obtained for 100fb−1. In the right–sided columns we required strictly that the number of signal
events must be greater than 10 or at least approximately 5 for the low luminosity options. The
significances in the parenthesis are for 1000fb−1.
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Proc,mh RawEvt A B C D E F G H I S
ν-1,65.93 4114.1 1540.7 1475.6 200.6 112.5 111.2 102.0 49.8 47.8 26.0 3.34(10.6)
νbbj 21385.4 4040.5 3928.5 244.7 43.0 33.1 32.1 5.3 5.2 4.1
νbjj 4077.8 985.1 971.8 16.4 4.6 3.0 2.8 0.1 0.1 0.0
νtb 84395.2 51227.5 47379.2 3671.2 709.1 661.3 598.4 27.7 26.3 12.5
νjjj 3870920.0 718974.7 717299.2 722.2 173.3 144.4 144.4 28.9 28.9 28.9 B=60.5
ebbj 2688390.0 176148.3 40728.9 5302.1 1389.0 1254.6 507.8 149.4 104.5 14.9
ebjj 330834.0 31317.5 7935.9 214.2 58.7 34.7 11.6 0.8 0.8 0.0
ett¯ 1425.5 1313.8 176.9 21.7 3.0 3.0 2.5 0.1 0.1 0.1
ejjj 37224100.0 4943049.0 1002951.5 3706.3 644.6 644.6 0.0 0.0 0.0 0.0
ν-2,71.32 2323.5 917.2 879.1 123.5 61.4 60.9 55.8 27.3 26.1 14.2 1.84(5.8)
νbbj 21385.4 4040.5 3928.5 244.7 35.9 28.2 27.2 4.5 4.5 3.5
νbjj 4077.8 985.1 971.8 16.4 4.3 2.9 2.6 0.1 0.1 0.0
νtb 84395.2 51227.5 47379.2 3671.2 727.0 681.4 626.0 31.8 30.4 17.3
νjjj 3870920.0 718974.7 717299.2 722.2 202.2 173.3 173.3 28.9 28.9 28.9 B=59.7
ebbj 2688390.0 176148.3 40728.9 5302.1 1344.2 1209.8 433.1 89.6 59.7 0.0
ebjj 330834.0 31317.5 7935.9 214.2 59.5 36.4 15.7 0.8 0.8 0.0
ett¯ 1425.5 1313.8 176.9 21.7 3.3 3.3 2.8 0.1 0.1 0.0
ejjj 37224100.0 4943049.0 1002951.5 3706.3 483.4 322.3 0.0 0.0 0.0 0.0
ν-3,83.77 1830.6 845.3 809.8 116.0 44.0 43.4 40.0 21.2 20.7 11.1 1.54(4.9)
νbbj 21385.4 4040.5 3928.5 244.7 24.2 20.0 19.5 3.8 3.8 3.0
νbjj 4077.8 985.1 971.8 16.4 3.2 2.2 2.0 0.1 0.1 0.1
νtb 84395.2 51227.5 47379.2 3671.2 736.0 695.9 643.3 36.0 35.3 20.1
νjjj 3870920.0 718974.7 717299.2 722.2 202.2 173.3 173.3 28.9 28.9 28.9 B=52.1
ebbj 2688390.0 176148.3 40728.9 5302.1 1015.6 896.1 388.3 104.5 74.7 0.0
ebjj 330834.0 31317.5 7935.9 214.2 38.9 25.6 13.2 0.0 0.0 0.0
ett¯ 1425.5 1313.8 176.9 21.7 3.6 3.6 2.9 0.2 0.2 0.0
ejjj 37224100.0 4943049.0 1002951.5 3706.3 322.3 0.0 0.0 0.0 0.0 0.0
ν-4,88.07 2018.0 975.7 932.1 133.8 47.0 46.5 42.8 23.9 23.5 12.6 1.75(5.5)
νbbj 21385.4 4040.5 3928.5 244.7 22.0 18.3 18.0 3.6 3.6 2.8
νbjj 4077.8 985.1 971.8 16.4 3.0 2.0 1.9 0.1 0.1 0.1
νtb 84395.2 51227.5 47379.2 3671.2 720.1 680.0 624.7 34.6 33.2 20.1
νjjj 3870920.0 718974.7 717299.2 722.2 144.4 115.5 115.5 28.9 28.9 28.9 B=52.0
ebbj 2688390.0 176148.3 40728.9 5302.1 970.8 866.3 403.3 104.5 74.7 0.0
ebjj 330834.0 31317.5 7935.9 214.2 41.4 28.1 16.5 0.8 0.8 0.0
ett¯ 1425.5 1313.8 176.9 21.7 3.8 3.8 3.0 0.2 0.2 0.1
ejjj 37224100.0 4943049.0 1002951.5 3706.3 161.1 0.0 0.0 0.0 0.0 0.0
ν-5,100.47 1125.0 613.9 585.0 88.2 23.5 23.3 21.5 12.0 11.9 6.1 1.41(4.5)
νbbj 21385.4 4040.5 3928.5 244.7 15.0 11.8 11.6 2.4 2.4 1.9
νbjj 4077.8 985.1 971.8 16.4 1.9 1.3 1.3 0.1 0.1 0.1
νtb 84395.2 51227.5 47379.2 3671.2 644.0 615.0 562.4 39.4 38.7 16.6
νjjj 3870920.0 718974.7 717299.2 722.2 115.5 86.7 86.7 28.9 28.9 0.0 B=18.7
ebbj 2688390.0 176148.3 40728.9 5302.1 806.5 672.1 313.6 59.7 29.9 0.0
ebjj 330834.0 31317.5 7935.9 214.2 25.6 17.4 11.6 2.5 2.5 0.0
ett¯ 1425.5 1313.8 176.9 21.7 4.0 3.9 3.0 0.2 0.2 0.1
ejjj 37224100.0 4943049.0 1002951.5 3706.3 483.4 322.3 0.0 0.0 0.0 0.0
Table 6: Same as of previous table but for E/T+ 3-jet channel. In the final column we mention
the significances(S) defined as S = S/√B, where S(B) for signal (background) events for 100
fb −1 of data after all cuts mentioned in the “I” column are implemented. The significances for
1000 fb −1 are shown in the parenthesis.
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BP,mh E/T ,mφj ,HT , ~HT S B S E/T ,mφj ,HT , ~HT S B S
ν1,65.93 35, 180, 70, 30 44.9 90.7 4.7(14.9) 10, 170, 70, 60 28.6 63.9 3.57(11.4)
ν2,71.32 35, 180, 70, 30 25.3 83.2 2.8(8.9) 40, 170, 70, 50 19.6 75.7 2.3(7.2)
ν3,83.77 30, 180, 70, 30 20.1 97.4 2.0(6.5) 30, 180, 90, 30 19.9 96.7 2.0(6.5)
ν4,88.07 30, 180, 90, 30 23.5 97.6 2.4(7.6) 35, 180, 120, 30 19.6 92.3 2.0(6.5)
ν5,100.47 30, 180, 100, 30 12.3 105.8 1.2(3.8) 25, 180, 100, 50 7.9 45.0 1.2(3.7)
Table 7: The optimization of the signal channel with different sets of selection cuts, e.g., E/T ,
mφj , HT , the magnitude of ~HT (see text for details) with the best significance obtained for 100
fb −1. The significances in the parenthesis are for 1000 fb −1.
38
